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| INTRODUCTION
One of the mechanisms regulating eukaryotic translation is mediated by open reading frames (ORFs) located in 5′ untranslated regions (5′UTRs), called upstream ORFs (uORFs). In eukaryotic mRNAs, uORFs affect translational efficiency of the downstream annotated ORFs (anORFs) (Hinnebusch, Ivanov, & Sonenberg, 2016) . One of the classical examples of regulatory uORFs is presented by four uORFs in the yeast gene GCN4 (Mueller & Hinnebusch, 1986) . As mammalian examples, uORF-dependent translational mechanisms of ATF4 and CHOP have also been intensively studied (Jousse et al., 2001; Vattem & Wek, 2004) . Recently, ribosome profiling (Ribo-seq) has shown that thousands of uORFs are translated, implying that the uORF-mediated translational control may be prevailing (Andreev et al., 2015; Bazzini et al., 2014; Ingolia, Lareau, & Weissman, 2011; Johnstone, Bazzini, & Giraldez, 2016; Lee et al., 2012) . Higher organisms possess more uORFs (Andrews & Rothnagel, 2014 ) and seem to have evolutionarily adapted the uORF-mediated translational regulation for a larger number of genes. Furthermore, polymorphic uORFs, which can arise through the generation of ATG trinucleotides by single nucleotide polymorphisms (SNPs) within 5′UTRs, alter protein expression in several diseases, as exemplified by thrombotic predisposition and β-thalassemia (Barbosa, Peixeiro, & Romão, 2013) . Although it is now known that human uORFs are likely to have wider impacts on translational regulation than previously expected, the evolutionary origin and creation mechanisms of human uORFs remain to be comprehensively characterized.
One of the major drivers of mammalian genome evolution is transposons-mobile DNA segments that cause various genetic alterations through integration into chromosomes (Chuong, Elde, & Feschotte, 2017; Cordaux & Batzer, 2009; Craig et al., 2015; Kazazian, 2004) . Human transposons are subdivided into four families: DNA transposons, long terminal repeats (LTRs), long interspersed elements (LINEs) and short interspersed elements (SINEs) (Lander et al., 2001 ). The latter three are called retrotransposons and make their genomic copies via RNA intermediates through reverse transcription (Boeke, Garfinkel, Styles, & Fink, 1985) . A large body of evidence has shown that, during the evolution of the human genome, transposons were exapted as transcriptional regulatory regions such as promoters, splice sites and polyadenylation signals of nearby genes, indicating that transposons have shaped the human transcriptome landscape (Brosius, 1999; Gogvadze & Buzdin, 2009; Han & Boeke, 2005; Jordan, Rogozin, Glazko, & Koonin, 2003; van de Lagemaat, Landry, Mager, & Medstrand, 2003) .
In contrast, our knowledge about the contribution of transposons to the genesis and evolution of human uORFs is still limited. Among human 5′UTRs, 4% harbor Alu elements, the major subfamily of human SINEs, which might have substantial influence on gene expression, as evidenced by a luciferase reporter assay for transposons in the 5′UTR of ZNF177 (Landry, Medstrand, & Mager, 2001 ). In addition, 287 human uORFs stem from Alu elements that were incorporated into the 5′UTRs of human genes, mainly by exonization (Shen et al., 2011) . It is, however, unclear how many uORFs in total are derived from all kinds of human transposons, to what extent each transposon family contributed to uORF genesis, and, perhaps most interestingly, whether there is a particular mechanism that facilitates uORF formation by transposons.
To address these questions, we used a genome-wide bioinformatics search to identify all human uORFs derived from all the human transposon families, DNA transposons, LINEs, SINEs and LTR elements. We then carried out luciferase reporter assays to show that transposon-derived uORFs could modulate anORF translation of many genes. To assess the origins of transposon-derived uORFs, the individual transposon sequences generating uORFs were aligned and compared with the consensus sequences of corresponding transposon subfamilies so as to examine whether the initial ATG trinucleotides of these uORFs (uATGs) were present in their respective transposons when they were actively copied or were derived from nucleotide substitution after transposon copies were integrated into the genome. This comparison suggested that a CpG methylation-mediated evolutionary process of uORF generation had occurred within transposon sequences. Whether this process is accelerated within transposon sequences or not was tested by comparing frequencies of human-specific uATG formation in transposon and nontransposon sequences of human 5′UTRs using nonhuman primate syntenic sequences. Finally, we identified polymorphic uATGs generated by nonreference SNPs and examined to what extent modes of the polymorphic uATG emergence can be fit to the CpG methylation-mediated process. This study suggests that transposons may have substantial impacts on protein expression from many genes by creating uORFs with the aid of host defense mechanisms to suppress the transposons themselves.
| RESULTS
| Ten percent of human uORFs are derived from transposons
Using the human RefSeq mRNA sequence database, we identified 39,786 uATG trinucleotides in 5′UTRs that could be start codons for uORFs. We defined a uORF as an ORF that (i) initiates within the 5′UTR and (ii) is out of frame with respect to the anORF or is in frame with respect to the anORF despite terminating upstream of the anORF. Our uATG collection includes even the ATGs that are directly followed by a stop codon and thus constitute 6-nucleotide uORFs, as such a minimum uORF is known to function as a cis element for the translation of an anORF in plants (Tanaka et al., 2016) . We did, however, exclude any ATGs that were located in the 5′UTR of one splice isoform but overlapped with the anORFs of another splice isoform of the same gene.
From this uATG collection, we extracted uATGs that were completely overlapping with any of the transposon-derived regions (TRs), which were defined by RepeatMasker (http://www. repeatmasker.org/), termed transposon-derived upstream ATGs or TuATGs. As a result, 3,992 TuATGs originating from 1,857 TRs were selected, which accounted for 10.0% of the human uATGs (3,992/39,786; Table S1 ). Among the four major classes of human transposons, SINEs and LINEs contributed many more TuATGs than LTR retrotransposons and DNA transposons, and among transposon families, Alu and MIR (SINEs) and L1 and L2 (LINEs) supplied large numbers of TuATGs (Figure 1a) .
We next classified the 1,857 TuATG-providing TRs into four categories depending on whether the TRs overlapped with transcription start sites (TSSs) and/or splice sites of human mRNAs. Four categories of TRs were designated as follows: TSS, forming a TSS; Exonized, serving as a splice site but not as a TSS; Embedded, embedded within an exon; and Multiple, belonging to two or all of the above-mentioned categories in different splicing isoforms of the same gene (Figure 1b) . Exonized TRs were the most abundant both in terms of total TuATGs (Figure 1c ) and within each transposon class (Figure 1d ). TuATGs were notably present in TSSs, which is consistent with many reports that TRs of various families have been adapted as alternative promoters to generate mRNA isoforms of a number of human genes | Genes to Cells KITANO eT Al. (Faulkner et al., 2009; Ma et al., 2009) . Although Embedded TuATGs were frequently found in all major transposon families (Figure 1d ), the generation of most TuATGs might have been accompanied by exaptation of transposed sequences into promoters and/or splice sites.
| Transposon-derived uORFs can modulate anORF translation
Based on the cis-acting model of uORFs, it can be speculated that TuATGs affect anORF translation in human genes. To test this possibility, we used published ribosome profiling data for HEK293 and THP-1 cell lines (Ingolia, Brar, Rouskin, McGeachy, & Weissman, 2012; Van Damme, Gawron, Van Criekinge, & Menschaert, 2014) to determine whether the occupancy of translating ribosomes on anORFs could be influenced by the presence of TuATGs. As shown in Figure 2a ,b, mRNAs with more TuATGs had lower densities of translating ribosomes on their anORFs in both cell lines, but the effect was more pronounced in HEK293 cells.
To examine the relationship between the TuATG presence and anORF translational efficiency in individual mRNAs, we carried out mutagenesis of these TuATG sequences in conjunction with a luciferase reporter assay. As illustrated in Figure 2c using the TGFBR3 mRNA (NM_001195684) as an example, wild-type (WT) reporter constructs were made containing 5′UTR sequences of target mRNAs and the initial 30 bp of the anORFs, which are critical for anORF translation initiation, followed by the firefly luciferase coding sequence without its original ATG. Within each mutant construct (M1 and M2 for TGFBR3), only a single TuATG was substituted with a TAG stop codon. In cases where two or more internal in-frame TuATGs were present and were in frame with single stop codons, only the most upstream TuATG was mutated. If the mRNA contained multiple TuATGs that initiated distinct ORFs (most often in different frames), each TuATG was substituted with a TAG in an individual mutant construct.
In addition to the TGFBR3 mRNA, 16 additional mRNAs were selected for the reporter assay. The selection criteria were as follows: (i) Translating ribosomes were significantly accumulated on ORFs starting with TuATGs (with over 1 RPKM [read per kilobase million]) in either HEK293 or THP-1 cells, (ii) anORF-encoded proteins had a known function, and (iii) TuATGs were derived from transposons of different classes and families. Mutated positions for the remaining 16 mRNAs are shown in Figure S1 . Overall, 17 wild-type and 25 mutant constructs were tested.
Luciferase reporter assays carried out in HEK293T cells indicated that, regardless of the transposon class/family, the majority of the tested TuATGs significantly affected anORF translation. Eleven mutations within ten mRNAs resulted in the up-regulation of luciferase activity compared with the Genes to Cells
corresponding wild-type controls ( Figure 2d ). This finding can be explained by a well-known mechanism: After completion of uORF translation, ribosomes dissociate from mRNAs, leading to reduced ribosome loading onto the anORF and decreased translation (Barbosa et al., 2013) . In contrast, six mutations within five mRNAs resulted in the down-regulation of luciferase activity (Figure 2d ), which can be accounted for by a mechanism called translation re-initiation: Ribosomes (NM_001195684) as an example. RNA transcribed from the wild-type reporter plasmid (WT) contains, from the 5′-end, the full-length 5′UTR of the target mRNA, the first 30 nucleotides of the anORF and the coding sequence of FLAG-tagged firefly luciferase lacking the first ATG codon. Mutant plasmids (M1 and M2) transcribe RNAs containing single amber stop codons instead of the corresponding TuATGs in the WT construct. We mutated only the most upstream TuATGs for individual uORFs, which were confirmed based on the ORF map showing locations of ATGs and stop codons (indicated by short and long vertical lines in the three frames, respectively). The position of the TuATG-generating transposons (subfamily MLT1K) is shown. Reporter plasmid design for the other examined genes is shown in Figure S1 . (d) Luciferase reporter assays for 17 human mRNAs containing TuATGs, for which we generated 17 WT and 25 mutant plasmids. Firefly luciferase activities were measured; *p < .05 (n = 5 biological replicates) WT  WT  WT  WT  WT  WT  WT  WT  WT  WT  WT  WT  WT  WT  WT  M1  M1  M1  M1  M1  M1  M1  M1  M1  M1  M1  M1  M1  M1  M1  M1  M1  M2  M2  M2  M2  M2  M2  M2 can re-initiate scanning of start codons after uORF translation, as shown for the uORF of ATF4 (Vattem & Wek, 2004) . These data clearly suggest that the presence of transposonderived uORFs can alter translation of the corresponding anORF.
| CpG methylation induces novel transposon-derived uORFs
To uncover the evolutionary origin of TuATGs, we examined nucleotide sequences at TuATG positions on transposon consensus sequences. In general, consensus sequences can be assumed to correspond to ancestral sequences of transposons at the time when they actively generated their own copies throughout the host genome. Therefore, alignment and comparison of a TuATG-providing TR and its consensus allowed us to determine whether the TuATG was originally present in the active transposon or was generated by nucleotide substitutions after transposon integration. For this analysis, we used alignments of transposon-derived sequences in the human genome and their consensuses, which were downloaded from RepeatMasker. org. In total, 1,390 TuATGs (34.8%; 1,390/3,992) were originated from ATG trinucleotides that were also present in the consensus sequences (Figure 3a) . Within the major transposon families, 30%-50% of the resulting TuATGs have seemingly been present since the transposons integrated into the corresponding genomic loci (Figure 3b ). Given these findings, more than half of TuATGs were likely derived from non-ATGs in the ancestral transposons via nucleotide substitutions (Figure 3a ). Among these nonATGs, GTGs were most frequently converted into TuATGs (432, 10.8%), which was in sharp contrast to CTG (95, 2.4%) and TTG (46, 1.2%). This G-to-A substitution at the first nucleotide position of the consensus sequence GTG occurred most frequently when the nucleotide adjacent to the 5′ side of the first G was C (Figure 3c ). Based on this pattern, we propose a model of CpG methylation-mediated TuATG generation (Figure 3d ), in which CpG methylation followed by deamination can lead to a C-to-T substitution in the antisense strand. DNA replication then provides a chance for the first G of the trinucleotide to be converted into A. The same model can explain why ACG is a better source of TuATGs as compared to AAG and AGG (Figure 3d ). These data suggest that CpG methylation on transposons contributed to TuATG generation during human genome evolution.
| Human-specific ATG conversion occurred more frequently in transposon regions
Because CpG methylation is a transposon-suppressing mechanism (Ichiyanagi, 2013; Xie et al., 2009; Yoder, Walsh, & Bestor, 1997) , we speculated that GTG and ACG may have been converted into ATG more frequently in TRs than in other regions in the 5′UTRs. To address this, of the 39,786 uATGs in the human genome, we first identified 584 humanspecific uATGs, syntenic sequences of which were identical pseudo-ATGs (a trinucleotide differing from ATG by a single nucleotide at any position) in both the chimpanzee and gorilla genomes (Table S1 ). Here, we excluded human uATGs whose syntenic sequences in chimpanzee and gorilla are different pseudo-ATGs, such as GTG in chimpanzee and ACG in gorilla, because in such a case the ancestral trinucleotide sequence of the human uATG was uncertain. Knowing that the chimpanzee and gorilla syntenic regions have identical pseudo-ATG trinucleotide sequences, we believe it is most likely that these 584 uATGs were generated by conversion from the pseudo-ATG after the divergence of the human lineage from these primate lineages.
We also counted the number of pseudo-ATGs in human 5′UTRs that were identical to the pseudo-ATGs in the syntenic loci of both the chimpanzee and gorilla genomes. The resulting 180,669 trinucleotides in human 5′UTRs were unchanged even after human-chimpanzee-gorilla divergence and thus served as the control for comparison with human-specific uATGs. This allowed us to identify the average frequency of human-specific uATG formation across all 5′UTRs, 0.32% (584/180,669). As there were 14,634 unchanged pseudo-ATGs in TRs located in the human 5′UTRs and the 584 human-specific uATGs included 71 TuATGs, the average frequency of human-specific uATG formation within the TRs located in the 5′UTRs was 0.49% (71/14,634). Original trinucleotides are shown in blue, altered nucleotides in red, generated TuATGs are highlighted in yellow, and mismatched base pairs are marked by "x." (e) Frequencies of human-specific uATGs derived from each of the nine different pseudo-ATGs after the divergence of humans from chimpanzees and gorillas. The frequencies are measured for human-specific uATGs in 5′UTRs (white), and those that occurred only within TRs overlapped with 5′UTRs (black). Values above the bars represent the number of human-specific uATGs generated from the corresponding pseudo-ATGs after the divergence from chimpanzees and gorillas, whereas the total number of pseudo-ATG trinucleotides in the human 5′UTRs that share identical pseudo-ATG trinucleotide sequences with the syntenic loci of the chimpanzee and gorilla genomes is shown in parentheses for each pseudo-ATG. The frequencies are calculated by dividing the former values with the latter Genes to Cells KITANO eT Al.
Finally, the frequencies of human-specific uATG formation from the nine possible pseudo-ATGs were calculated across all 5′UTRs as well as only within TRs located in the 5′UTRs (Figure 3e ). Among the nine pseudo-ATG trinucleotides, GTGs and ACGs were converted into uATGs with the highest frequency, as expected, independently of whether they were in TRs or not. However, the conversion frequencies of these two pseudo-ATGs into human-specific ATGs were markedly higher within TRs (Figure 3e ). In particular, ACG trinucleotides were converted into ATGs at a more than twofold greater frequency within TRs; the frequency of human-specific uATG formation from ACG was 4.2% (22/524) within transposons and 1.6% (173/10,819) across all 5′UTRs. It is thus likely that CpG methylationmediated uORF formation might be accelerated within TRs.
| SNPs producing novel transposonderived uORFs influence anORF translation
As the active generation of transposon-mediated uORFs occurred after humans diverged from the other primates, it is likely to continue in the modern human population. To examine this possibility, we analyzed human SNP data and found that nonreference SNPs generated 922 additional TuATGs in human genes (Table S2 ) and that >70% of these sequences were provided by the five transposon subfamilies Alu, MIR, L1, L2 and ERV1 (Figure 4a ). Strikingly, ACG and GTG were the trinucleotides that were most efficiently converted into polymorphic TuATGs (Figure 4b ), which is again consistent with the model of TuATG generation through CpG methylation. We next examined whether TuATG polymorphisms affected the efficiency of translation of downstream anORFs using a luciferase reporter assay for two disease-related genes, HRH2 (histamine receptor H2) and IRGM (immunityrelated GTPase family M) (Figure 4c) . In this experiment, we introduced one nonreference ATG into each nonreference construct. It should be noted that all the nonreference ATGs tested here created a novel uORF, as they were out of frame with the anORF or were in frame with a stop codon before the anORF. The five SNP positions tested here correspond to (C)GTG or ACG in both human and chimpanzee reference genomes, implying that TuATG formation is ongoing in the modern human population in a pattern consistent with the CpG methylation-mediated model. Transfection of HEK293T cells with each of the two reference and five nonreference reporter plasmids revealed that the reporter activity was significantly altered by the introduction of nonreference TuATGs (Figure 4d ).
| DISCUSSION
In this study, we discovered that 10.0% of human uORFs originated from transposons and revealed that TuATGs could both inhibit and promote anORF translation. Our data clearly indicate that all the major transposon families can affect the expression of a wide variety of human proteins by contributing to uORF generation.
Using transposon consensus sequences, we found that 65.2% of TuATGs emerged via nucleotide substitution of non-ATG trinucleotides present in the original transposons. Generation of the TuATGs could be mostly due to random and spontaneous nucleotide substitutions, although our data show that CpG methylation could be an effective accelerator of uORF formation within transposon sequences. This notion is in agreement with the fact that mammalian transposons are targets of CpG methylation, which results in their silencing (Ichiyanagi, 2013; Xie et al., 2009; Yoder et al., 1997) . Given that in humans TuATG formation from ACG and GTG occurred more efficiently than the other non-ATGs after the divergence from nonhuman primates, it is likely that CpG methylation contributed to shaping the proteome landscape via uORF creation on transposons during the evolution toward the modern human genome.
Furthermore, our data on TuATGs derived from nonreference SNPs provide compelling evidence that CpG methylation-mediated uORF formation on transposons further modifies protein expression in the contemporary human population. We show that polymorphic TuATGs could regulate the translation of HRH2 to generate histamine receptor H2, which controls neuronal activity in response to histamine (Naddafi & Mirshafiey, 2013) . A mutation in the enhancer region of HRH2, which presumably alters its mRNA expression, is associated with gastric cancer (Arisawa et al., 2012) . Here, three SNPs (rs542483929, rs188349884 and rs759579732) that generated TuATGs with their nonreference nucleotides significantly affected the translation of the downstream anORF, allowing us to predict that any of these polymorphic TuATGs may potentially influence the susceptibility to gastric cancer.
In addition, the reporter assay for IRGM, an immunityrelated gene, suggests that one polymorphic TuATG may be critical for immune response against bacterial infection controlled by the IRGM protein. A previous study showed that SNP rs9637876 in the 5′UTR of IRGM mRNA is associated with higher resistance to tuberculosis caused by Mycobacterium tuberculosis through effects on IRGM translation (Intemann et al., 2009) . Here, we identified another SNP (rs146896406) that generated a TuATG by a nonreference nucleotide substitution and significantly decreased the luciferase activity, indicating that it could affect IRGM expression and, ultimately, immune defense against bacterial infection.
Interestingly, this IRGM SNP has a low allele frequency: 0.3% for the ATG allele versus 99.7% for the ACG allele (dbSNP Build 147; Sherry et al., 2001) . Similarly, the three tested ATG alleles in HRH2, which could affect the anORF translation, are also extremely rare and evolutionarily new as evidenced by allele frequencies of <0.01% (dbSNP Build 147). These observations indicate that CpG methylationdriven sporadic mutations in transposon sequences within human 5′UTRs might be deleterious and thus could have Genes to Cells KITANO eT Al.
profound effects on the susceptibility and progression of known diseases.
In summary, the formation of uORFs can be a functional outcome of the evolutionary arms race between host epigenetic mechanisms and transposons, which could have continued most likely since the emergence of CpG methylation. The results of this study suggest that transposons in human 5′UTRs are potential hot spots for mutations driven by the epigenetic modifications and can affect the protein expression of many genes. LINEs, SINEs and LTR retrotransposons. This BED file was then combined with a Human RefSeq mRNA BED file downloaded from the UCSC Genome Browser database, and another BED file (BED_TuATG_repeat) containing a list of TuATG genomic positions was generated using intersectBed. We used BED_TuATG_repeat to classify the TuATG loci. The detailed criteria on TuATGs are explained in Section 2.
| EXPERIMENTAL PROCEDURES
The Human RepeatMasker file mentioned above was used to construct a BED file containing data on pairwise alignments between genomic and consensus sequences of all transposons in the human genome (hg19). By combining this BED file with the Human RefSeq mRNA 5′UTR BED file downloaded from the UCSC Genome Browser database, the BED_repeat_5′UTR file was generated using intersectBed and a Perl script that contained the list of genomic positions of all transposons located within human 5′UTRs and the data on their pairwise alignment to consensus sequences of the corresponding retrotransposon subfamilies and was used to examine the TuATG origin and frequency of uATG formation.
| Ribosome profiling analysis
The following ribosome profiling (Ribo-seq) data were downloaded from the NCBI Sequence Read Archive (SRA): HEK293 (SRR493747, SRR493748, SRR493749) and THP-1 (SRR525273, SRR525274, SRR525275) (Ingolia et al., 2012; Van Damme et al., 2014) . The downloaded SRA files were converted into FASTQ files using fastq-dump (SRA Toolkit), and the resulting files were filtered using fastq_quality_filter (FASTX-Toolkit; http://hannonlab.cshl. edu/fastx_toolkit/), trimmed and clipped. Ribo-seq reads were mapped to the human genome (hg19) as described (Sela, Mersch, Hotz-Wagenblatt, & Ast, 2010) . After excluding reads mapped to multiple genomic locations, an A-site position for each read was assigned as described (Slotkin & Martienssen, 2007) . By combining the resulting BED file (BED_A position) with BED_TuATG, we counted the number and density (RPKM) of Ribo-seq reads mapped to each of the ORFs initiating with TuATGs using coverageBED. The cumulative curves (Figure 2a,b) were constructed based on mean RPKM values from three biological replicates. pvalues were calculated based on a two-sided Wilcoxon test.
| Plasmid construction
Luciferase reporter plasmids were constructed using the following protocol. First, DNA fragments encoding the TK promoter, EGFP and FLAG-firefly luciferase were amplified by PCR using pRK-TK (Promega), pEGFP (a kind gift from RIKEN) and pTA-Luc (Clontech), respectively, as templates and ligated into BglII and KpnI sites of pcDNA3.1 to yield the TKp-Esp3I-EGFP-Esp3I-FLAG-firefly luciferase vector (pTKp-fLuc_basic). Then, 5′UTRs were PCR-cloned from cDNAs prepared with Human Total RNA Master Panel (Clontech) and SuperScript II Reverse Transcriptase (Thermo Fisher) and ligated into the Esp3I site of pTKp-fLuc_basic using Gibson assembly (New England Biolabs) according to the manufacturer's instructions to yield luciferase reporter plasmids. To construct mutant reporter plasmids, wild-type 5′UTRs were mutated by overlapping PCR and ligated into the Esp3I-digested pTKp-fLuc_basic vector by Gibson assembly. The primers used are listed in Table S3 .
| Cell culture and luciferase assay
HEK293T cells were cultured in Dulbecco's modified Eagle's medium (Nacalai Tesque) containing 10% (v/v) fetal bovine serum (Biowest) at 37°C in a 5% CO 2 atmosphere. Cells were grown in 12-well culture plates until 50% confluence and co-transfected with 750 ng of the firefly luciferase reporter plasmids and 83.3 ng of the Renilla luciferase control plasmid using 2.5 μl FuGENE-HD transfection reagent (Promega) according to the manufacturer's instruction. Cells were trypsinized 24 hr after transfection, seeded into 96-well plates (4 × 10 4 cells/well) and analyzed by luciferase reporter assay 24 hr later using the PicaGene Dual Sea Pansy Luminescence kit (Toyo, Inc.) and a Centro LB 960 Microplate Luminometer (Berthold Technologies). The results were normalized to Renilla luciferase activity (the internal control), and p-values were calculated based on a two-sided, one-sample t test.
| Estimation of ATG generation rate after human divergence from chimpanzees and gorillas
The human RefSeq mRNA BED file and a multiple alignment file (MAF) containing annotated multiple alignments among 100 vertebrate species were downloaded from the UCSC Genome Browser and used to extract alignment data for every trinucleotide in human 5′UTRs against the trinucleotides in the syntenic regions of the chimpanzee and gorilla genomes using mafsInRegion. Among all sets of the humanchimpanzee-gorilla syntenic trinucleotides, we counted the number of sets in which the human trinucleotide was ATG and the corresponding chimpanzee and gorilla trinucleotides were identical pseudo-ATGs; the number of trinucleotide sets including the identical pseudo-ATGs for all three primates was also counted. By calculating the ratio of the former to the latter, we determined the formation frequencies of human-specific TuATGs.
| SNP analysis
The SNP data (SNP147) were downloaded from the UCSC Genome Browser and converted into a BED file, which
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contained the positions of SNPs generating ATG trinucleotides; the file was used to extract nonreference SNPs overlapping with 5′UTRs of RefSeq mRNAs using intersectBed.
